people often recognize and remember faces of individuals within their own race more easily than those of other races. While behavioral research has long suggested that the Other-Race Effect (ORE) is due to extensive experience with one's own race group, the neural mechanisms underlying the effect have remained elusive. Predominant theories of the ORE have argued that the effect is mainly caused by processing disparities between same and other-race faces during early stages of perceptual encoding. Our findings support an alternative view that the ORE is additionally shaped by mnemonic processing mechanisms beyond perception and attention. Using a "pattern separation" paradigm based on computational models of episodic memory, we report evidence that the oRe may be driven by differences in successful memory discrimination across races as a function of degree of interference or overlap between face stimuli. In contrast, there were no ORE-related differences on a comparable match-to-sample task with no long-term memory load, suggesting that the effect is not simply attributable to visual and attentional processes. These findings suggest that the ORE may emerge in part due to "tuned" memory mechanisms that may enhance same-race, at the expense of other-race face detection.
Several models attempt to integrate the roles of perceptual expertise and social-categorization in generating the ORE. The ingroup/outgroup model suggests social categories can elicit differential encoding of SR and OR faces through recruitment of configural processing mechanisms 24 . The categorization-individuation model proposes social-categorization as well as experience discriminating SR and OR faces work in tandem to drive selective attention during face encoding, giving rise to and modulating the ORE 2 .
Though the literature has focused on perceptual and social/ attentional factors, consistent among studies of the ORE is the employment of standard recognition paradigms to assess memory disparities between faces of multiple races. We suggest that in addition to perception and attention, the potential contributions of mnemonic, or medial-temporal lobe processing to the emergence of the ORE should be assessed. We attempt to address this gap using models of mnemonic interference reduction that are becoming increasingly popular in memory research due to backing by strong neurobiological evidence 25 .
Our new approach to studying the ORE is fundamentally informed by computational models of hippocampal contributions to episodic memory. The hippocampus as well as the surrounding medial-temporal neocortical regions of the brain play a well-established role in the formation of episodic memories 26 . Computational and rodent work suggests that the hippocampus -and more recently the perirhinal cortex-are involved in pattern separation, a neurocomputational process that allows for detailed encoding of similar experiences by reducing overlapping mnemonic 'interference' across similar inputs 25, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . Functional MRI studies have also shown distinct patterns of activity in the hippocampus [39] [40] [41] [42] [43] [44] [45] [46] , perirhinal, parahippocampal and entorhinal cortices during memory encoding, consistent with pattern separation 46 .
Behaviorally, pattern separation is thought to underlie the ability to discriminate among similar experiences, or more simply put, to assist in the individual recall of similar items 47 . For example, remembering where you parked your car today versus yesterday requires pattern separation; these two experiences are largely similar and need to be stored independently of each other. Mnemonic discrimination tasks have been used frequently to assess this capacity to remember similar experiences 25 , by testing subjects' memory for various common objects that have been independently rated for relative similarity to one another. Like highly similar objects, faces share a general configuration of features, with no one component ideal for consistent successful differentiation. To efficiently remember faces despite this baked-in ambiguity, a facial processing system must have mechanisms in place to resolve high interference between distinct experiences (i.e. pattern separation).
A critical facet of the pattern separation computation indexed by mnemonic discrimination, is that it operates as an input-output transfer function that is nonlinear. The input to the system is similar sensory experiences (e.g. similar faces), and the output is the response of the system (e.g. whether the faces are stored as distinct from one another or as instances of the same face). Ideally, an efficient memory system should be able to discriminate among faces that are similar but belong to different individuals (i.e. pattern separate) but also be tolerant of variability in inputs of the same face across encounters despite minor context-dependent differences (i.e. pattern complete). These two conditions demonstrate the need in facial recognition for a nonlinear input-output transfer function that allows for distinct enough stimuli to be separable from one another but is also stable (robust to change) when stimuli belong to the same identity. Several studies have used input-output transfer functions to characterize visual and mnemonic discrimination for both object and facial recognition. Neuroscience literature suggests that rodents' discrimination behavior in response to manipulated environmental contexts is best described by a sigmoidal transformation 27 . Facial recognition has also been described as sigmoidal in both behavioral and neural computational work 48, 49 . Other research has characterized object mnemonic discrimination using more curvilinear input-output transfer functions 50, 51 .
Traditional face-recognition tasks used to assess the ORE do not manipulate mnemonic interference-or similarity-and therefore cannot produce input-output transfer functions. However, mnemonic discrimination tasks parametrically vary the similarity of lure stimuli allowing a thorough characterization of the transformation between stimulus similarity (experience) and neurobehavioral responses (representation). Thus, mnemonic discrimination tasks are an ideal tool for characterizing facial recognition amidst mnemonic ambiguity in facial processing. The paradigm further accommodates visualization and comparison of input-output transfer functions for different experimental groups or stimulus types. For instance, if mnemonic discrimination of SR and OR faces is not comparable, we would expect the emergence of diverging transfer function trends. This would allow us to pinpoint where recognition fails for OR relative to SR faces along the spectrum of mnemonic overlap, and to infer MTL computational differences in processing faces across race.
In addition to developing a mnemonic discrimination face task, we created a match-to-sample task, where subjects held one face in memory briefly before being prompted to make same/different discriminations on repeated or lure faces with the same manipulated parametric interference presented in the mnemonic discrimination task. This allowed us to compare performance on SR and OR discriminations as a function of similarity between face-pairs, when subjects were required to internally represent and maintain only one face in memory at a time for several seconds. This paradigm therefore reduces the proactive interference found in the mnemonic discrimination task that occurs naturally with generation and storage of increasing information. Furthermore, this task allowed us to establish the extent to which deficits in resolving interference between other-race faces might arise in perception or attention, without placing strong demands on episodic memory mechanisms such as pattern separation.
In the current study, we hypothesized that mnemonic discrimination is altered in facial recognition of one's own relative to another race, and therefore is characterized by distinct input-output transfer functions for SR and OR faces. We predicted the SR input-output transfer function would be significantly higher than the OR function at high mnemonic interference levels. In other words, when faces are highly similar, subjects should perform significantly better on SR relative to OR mnemonic discriminations. However, when interference is low enough, or faces are more distinct from one another, OR and SR discriminations should be comparable in accuracy. Meanwhile in a match-to-sample task we expected subjects to demonstrate relatively little or no differences in input-output transfer functions for SR and OR faces. That is, the two transfer functions should be relatively similar if we believe that the ORE is dependent on the compounding effects of mnemonic in addition to perceptual and attentional processes. Meeting these predictions would suggest that altered efficiency of computational pattern separation processes for SR relative to OR faces may promote the emergence of the ORE.
Results
Mnemonic discrimination and match-to-sample face recognition tasks were developed to test the contribution of memory and perceptual/attentional mechanisms to the ORE (Fig. 1 ). In the mnemonic discrimination task subjects studied a series of approximately twenty computer-generated faces during a several-minute encoding phase. In a following test phase, they were asked to identify which of a series of newly presented faces were the 'Same/Old' (target repeats), and which were 'Different/New' (lure distractors) using corresponding button presses on the keyboard (Fig. 1A ). In the match-to-sample task an independent group of subjects were shown faces from the same dataset, however study and test took place within each trial. That is, after a study face was presented, it was followed by a short dynamic mask, and then a test face. Similar to the mnemonic discrimination task, subjects were asked to make Same/Old or Different/New judgments for test faces (Fig. 1B) . In both tasks, a response of 'same' to a target repeat indicated successful recognition, while 'different' to a lure distractor indicated successful discrimination. Lure distractors (Different/New faces) were parametrically manipulated versions of previously memorized faces with normally distributed perturbations of 20%, 30%, 40%, or 50% in order to introduce controlled mnemonic interference (see methods for details). The same exact stimuli were used in both tasks.
We analyzed data using proportion of target hits ('Same'| Target Repeat), correct rejections ('Different'| Lure Distractor), and false alarms ('Same'| Lure Distractor). The sensitivity index (d') was calculated as z(target hit rate) -z(lure false alarm rate) to evaluate the ability to discriminate between old repeated faces and new distractor faces. First, we confirmed the canonical measures of the ORE: a reduced d' and increased proportions of false alarms for OR faces. Mnemonic discrimination accuracy (d') for SR faces was significantly greater than for OR faces [t(74) = 4.755, p < 0.0001, r 2 = 0.234] ( Fig. 2A ). In addition, subjects false alarmed more to OR than SR faces [t(74) = 4.166, p < 0.0001, r 2 = 0.19]. A 2 × 2 repeated measures ANOVA revealed significant main effects of stimulus race [F(1,74) = 22.26, p < 0.0001, η 2 = 0.05] and mnemonic interference [F(3,222) = 51.38, p < 0.0001, η 2 = 0.14] as well as an interaction [F(3,222) = 9.868, p < 0.0001, η 2 = 0.03] (Fig. 2B ). Post hoc Sidak multiple comparison tests revealed that SR performance was better than OR performance for the first three interference levels [20% p = 0.0011, 30% p < 0.0001, 40% p = 0.0001] (Fig. 2B ). The same analyses were run on the match-to-sample version of the task demonstrating no effect of stimulus race on performance [t(23) = 0.8563, p = 0.4007, r 2 = 0.03; (F(1,23) = 0.7332, p = 0.4007, η 2 = 0.00] and a main effect of interference, as expected.
[F(3,69) = 70.08, p < 0.0001, η 2 = 0.4] (Fig. 2C,D) .
Due to increased recruitment of female relative to male subjects, we confirmed that the gender skew did not impact results. There were no significant differences between female and male lure discrimination performance . . . . . . 
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. Mnemonic Discrimination and Match-to-Sample task designs: (A). The mnemonic discrimination task comprised of an initial encoding phase followed by a test phase. Stimuli at test were either exact Target Repeats or Lure Distractors deviated from faces at encoding by 20%, 30%, 40%, or 50% perturbations. Subjects indicated whether test faces were the same or different from faces presented in the encoding phase. (B) The match-to-sample task comprised of only one phase where subjects saw a face followed by a mask for 2.5 s, followed by either a Target Repeat or Lure Distractor. They indicated whether the second face was the same or different from the face prior to the mask. On both mnemonic discrimination and match-to-sample tasks, stimulus duration = 3.0 s and ITI = 1.5 s.
for SR [t(74) = 1.241, p = 0.22, r 2 = 0.02] or OR faces [t(74) = 0.3914, p = 0.70, r 2 = 0.00]. Additionally, a 2 × 2 ANOVA revealed no main effect of gender on performance across interference levels for SR [F(1,74) = 1.961, p = 0.17, η 2 = 0.07] or OR discrimination [F(1,74) = 0.33, p = 0.57, η 2 = 0.01].
To further investigate the modulation of the ORE by task type, we collapsed d' across interference levels and ran a 2 × 2 ANOVA with task type as the between-subject factor and stimulus race as the within-subject factor. This analysis revealed significant main effects of task-type [F(1,97) = 154.88, p < 0.0001, η 2 = 0.64], stimulus race [F(1,97) = 4.60, p = 0.0345, η 2 = 51.12], as well as a significant interaction of the two [F(1,97) = 7.14, p = 0.0089, η 2 = 0.99] (Fig. 3A) . A post hoc Sidak comparison indicates a significant difference in SR and OR performance for the mnemonic discrimination (p < 0.0001), but not the match-to-sample task (p = 0.9437). Because the group sizes differ between task types, we ran an additional linear analysis that is robust to sample size and variance differences across groups, to confirm these results. A model was fit using generalized estimating equations, where d' was modeled as a linear combination of race, task, and the interaction or race and task. This produced similar results to the analysis of variance (Table 1) , including significant differences in the estimated d' means for SR and OR faces in the mnemonic discrimination task [Table 1a : β' = 0.22, S.E. = 0.05, 95% CI = (0.13, 0.31), p < 0.0001] but not match-to-sample task [ Table 1b : β' = −0.02, S.E. = 0.07, 95% CI = (−0.16, 0.12), p = 0.73]. Further, there remains a significant interaction between task and race; In the mnemonic discrimination task, the difference in the estimated d' between participant's recognition of SR and OR faces was 0.25 larger than the difference in the estimated d' between SR and OR faces in the match-to-sample task [ Table 1c : β' = 0.25, S.E. = 0.09, 95% CI = (0.08, 0.42), p < 0.005].
In addition, we tested whether subject-specific input-output transfer functions could be used to calculate a metric of the ORE by calculating the areas under the SR and OR curves in both tasks. We did this by using the summed average of d' at each interference level, added to the prior level for both SR and OR functions in every subject. The larger the net AUC (area under the curve) value, the more accurate the performance. T-tests comparing AUC for SR and OR functions indicated a strong ORE in the mnemonic discrimination [t(74) = 5.869, p < 0.0001, r 2 = 0.31], but not the match-to-sample task [t(23) = 0.3208, p = 0.75, r 2 = 0.00]. In further support, a 2 × 2 repeated measures ANOVA with task type as the between-subject factor and stimulus race as the within-subject factor and the AUC values as the outcome measure revealed significant main effects of task type [F(1,194) = 211.6, p < 0.0001, η 2 = 0.50] and stimulus race, [F(1,194) = 4.3, p < 0.05, η 2 = 0.01] as well as a Figure 2 . The ORE is present in a mnemonic discrimination but not match-to-sample task, suggesting increasing proactive and mnemonic interference may contribute to the effect. (A) In the mnemonic discrimination task, accuracy for SR faces was significantly greater than for OR faces (p < 0.0001). (B) In the mnemonic discrimination task subjects performed more accurately on SR faces for all but the highest interference level ([20% p = 0.0011, 30% p < 0.0001, 40% p = 0.0001]). (C) In the match-to-sample task subjects recognize OR faces as well as SR faces. (D) In the match-to-sample task subjects perform equally on SR and OR faces, regardless of mnemonic interference level. www.nature.com/scientificreports www.nature.com/scientificreports/ significant interaction between the two [F(1,194) = 5.968, p < 0.005, η 2 = 0.01]. A post hoc Sidak comparison indicates a significant difference in SR and OR performance for the mnemonic discrimination (p < 0.0001), but not the match-to-sample task (p = 0.9718) (Fig. 3B) .
The ORE was also apparent in the mnemonic discrimination task when using reaction time (RT) as the outcome measure. In general, subjects required more time to correctly reject OR than SR lures. [t(74) = 2.533, p < 0.05, r 2 = 0.08]. On average SR faces were correctly rejected after 1.43 seconds, while OR faces were correctly rejected after 1.48 seconds. Further, RT was associated with better lure discrimination performance for OR faces but not SR faces. T-tests show that subjects spent significantly more time on OR lure correct rejections (μ = 1.48 s) than false alarms (μ = 1.40 s) [t(74) = 3.435, p = 0.0010, r 2 = 0.14]. No such RT relationship was found for SR lure correct rejections and false alarms [t(74) = 1.677, p = 0.0978, r 2 = 0.04]. These results were recapitulated using a 2 × 2 repeated measures ANOVA, reporting main effects of race [F(1,74) = 4.31, p = 0.0414, η 2 = 0.0034], and correctness F(1,74) = 9.26, p = 0.0032, η 2 = 0.016] on reaction time means, but no interaction F(1,74) = 2.908, p = 0.0923, η 2 = 0.0023 (Fig. 4A ). Mean reaction times were longer overall for OR Faces [μ = 1.44 s] than SR faces [μ = 1.41 s], and correct responses were longer on average [μ = 1.46 s] than incorrect ones [μ = 1.39 s]. Post hoc Sidak comparisons revealed that reaction time averages were significantly different between correct rejections and false alarms for OR [p = 0.0002] but not SR faces [p = 0.2262]. finds significant main effects of task (p < 0.0001), stimulus race, (p = 0.0345) and an interaction of the two (p < 0.0089) on performance. A post hoc multiple comparisons test finds a significant difference in performance for SR and OR faces only during mnemonic discrimination (p < 0.0001, labeled on figure A). (B) Comparing area under the curves (AUCs) for SR and OR faces in both mnemonic discrimination and match-to-sample tasks reveals a strong ORE only in the mnemonic discrimination task. The larger the significant difference in SR and OR AUCs, the greater the ORE. Analysis revealed significant main effects of both task type (p < 0.0001) and stimulus race (p < 0.05) on performance, as well as a significant interaction of the two (p < 0.005). A post hoc test found significant AUC differences for SR and OR input-output transfer functions for the mnemonic discrimination but not match-to-sample tasks (p < 0.0001, labeled on figure B ). Table 1 . A linear analysis replicates analysis of variance results. A linear analysis was run to account for differences that may be attributable to unmatched sample sizes. The model was fit using generalized estimating equations, which are robust to sample size differences across groups. d' was modeled as a linear combination of race, task, and the interaction of the two. A and B: The analysis reveals significant differences in estimated population means for SR and OR faces in the mnemonic discrimination but not match-to-sample task. C. There is a significant interaction between task and race with the difference in the estimated d' between participant's recognition of SR and OR faces 0.25 larger in the mnemonic discrimination task than the difference in the estimated d' between SR and OR faces in the match-to-sample task. a Heteroscedasticity-consistent "sandwich" standard errors are used to allow for differences in the variance of model errors across different participant subgroups.
Scientific RepoRtS | (2019) 9:19399 | https://doi.org/10.1038/s41598-019-55350-0 www.nature.com/scientificreports www.nature.com/scientificreports/ Though the ORE was not detectable in the match-to-sample task using accuracy measures (Fig. 3 ), we tested whether reaction time could detect early differences in SR and OR face processing. In a 2 × 2 repeated measures ANOVA (analogous to that run in the mnemonic discrimination task) there was a main effect of correctness [F (1, 23) = 6.015, p = 0.0222, η 2 = 0.05], where subjects spent less time on correct rejections [μ = 1.234] than false alarms [μ = 1.327] (Fig. 4B ). Interestingly, this trend was the reverse of the mnemonic discrimination findings, where longer reactions times were associated with correct responses. In addition, there was no main effect of race on response time [F (1, 23) = 0.849, p = 0.3664, η 2 = 0.0014], nor an interaction of race and correctness [F (1, 23) = 0.1448, p = 0.7070, η 2 = 0.00]. Despite this, a post hoc Sidak comparison echoed the mnemonic discrimination results though to a lesser extent, finding reaction times differed between correct and incorrect OR (p = 0.0196) but not SR faces (p = 0.0679). This was the only deviation found between SR and OR behavior in the match-to-sample task. In a final analysis, we tested whether there was a reaction time difference in SR and OR faces across the mnemonic discrimination and match-to-sample tasks by running a 2 × 2 repeated measures ANOVA with stimulus race as a within-subject factor and task as between-subject factor. Unlike the d' analysis, there was no main effect of race on reaction time across tasks [F (1, 97) = 2.812, p = 0.0968, η 2 = 0.00]. There was a main effect of task type [F(1,97) = 8.912, p = 0.0036, η 2 = 0.08] but no interaction of task and race [F(1,97) = 0.2619, p = 0.61, η 2 = 0.00].
Discussion
We characterized the ORE using a mnemonic discrimination task, which unlike standard recognition tasks introduced face lures of varying similarity from previously presented faces. This task is sensitive to pattern separation, a neural computation that supports discrimination among similar experiences. This afforded us the opportunity to characterize recognition accuracy in terms of the ability to resolve mnemonic interference between prior face memories and new experiences of faces. Specifically, we found that facial recognition is modulated by race and stimulus similarity. Our results supported our prediction that subjects would demonstrate enhanced recognition accuracy for SR over OR stimuli at intermediate interference levels, and even at the highest interference levels where distractor faces were maximally similar to the originals. SR recognition was significantly better than OR recognition at all but the lowest interference level; Only when faces were as little as 50% similar to one another, could subjects discern differences in OR faces as readily as SR faces.
A major question we sought to answer was whether reducing proactive interference would reduce or abolish the ORE. In contrast to the clear ORE we observed in the mnemonic discrimination task, subjects demonstrated equal accuracy on SR and OR face recognition judgments in a match-to-sample task. Performance increased as face pairs became more distinct from one another, however this was independent of stimulus race. Subjects therefore demonstrate no deficit in resolving interference between OR face representations when faces were internally represented and maintained one at a time for several seconds. The ORE was only observable when proactive interference was increased by the generation and storage of multiple overlapping face representations in memory. These results support the hypothesis that the ORE is related to deficits in interference resolution during episodic memory processing for OR relative to SR faces. It is possible that this interpretation of our results is limited by non-matched task difficulty across the mnemonic discrimination and match-to-sample paradigms. That is, more taxing demands in the mnemonic discrimination task could be giving rise to the ORE, and perhaps a similar effect could be produced by a match-to-sample paradigm if it were made comparably challenging. However, even when performance (as an index of task difficulty) is matched across both tasks at approximately d' of 0.5 (Fig. 2B,D) , there is no ORE present in the match-to-sample task, indicating difficulty alone does not elicit an ORE. Additional support comes from a similar study to ours, which did not detect an ORE in a match-to-sample task, even with retention intervals of over 12 seconds and high face-pair similarity 52 . Their results also suggest that long retention intervals alone may not generate enough proactive interference to elicit an ORE. Only when their study disrupted maintenance of internal representations with trivia questions did an advantage for SR recognition emerge.
However, we do not mean to exclude the possibility that perceptual and attentional encoding processes play a role in the emergence of the effect. For instance, in the match-to-sample data, a post hoc reaction time analysis captured what could be an early indicator of the ORE-where reaction time was related to accuracy in other-race but not same-race faces. These results suggest that while perceptual and attentional processes may not always facilitate an ORE in early behavior, they may still give rise to qualitative differences in face processing or representations. For instance, studies finding no behavioral differences in working memory for SR and OR faces still find differences in EEG components during maintenance of those faces 53, 54 . Such differences may contribute to the emergence of the ORE in recognition memory. Furthermore, there are several studies where OREs were behaviorally detectable in traditional working memory tasks 55, 56 . In these cases, it is possible there is no involvement of mnemonic mechanisms, in line with the classic view that working memory does not recruit brain regions associated with long-term memory. However, it is also possible that under certain task demands and/or growing proactive interference, the same mnemonic mechanisms implicated in long-term memory tasks could be engaged. There is certainly emerging evidence that selective attention processes during maintenance may act on mnemonic in addition to perceptual representations, recruiting the long-term memory associated medial-temporal lobe when the task demands it [57] [58] [59] [60] [61] [62] .
Our suggestion of a mnemonic component to the ORE, is not incompatible with perceptual expertise and social categorization theories [10] [11] [12] [13] . Expertise accounts suggest specialized expert processing mechanisms are tuned exclusively to SR faces, while social-categorization accounts suggest attention leads to more deeply encoded and higher fidelity SR representations 2, 18, 63, 64 . While these theories suggest tuning in visual regions, our results propose mnemonic discrimination mechanisms may additionally tune memory mechanisms for enhanced detection of SR relative to OR faces. Our study presents a novel approach to study this tuning. We plotted multiple levels of mnemonic interference against accuracy to produce input-output transfer functions for facial recognition. The ORE was operationalized as the disparity between SR and OR transfer functions. Higher SR performance along the input-output transfer function is likely reflective of memory mechanisms that have been tuned via years of predominant interaction with and privileged social individuation of one's own race group to optimally discriminate and generalize between SR faces. At the same time, experience with OR individuals may be impoverished and compounded by suboptimal attentional encoding due to implicit labeling as "other", resulting in an OR input-output transfer function much reduced from the SR one. This divergence may reflect a system sub-optimally tuned for OR face recognition.
It is worth noting that the nonlinear tuning of input-output transfer functions we observed here are similar to results in another recent study examining the relationship between physical fitness and mnemonic discrimination 50 . The researchers found a curvilinear input-output transfer function for highly fit relative to more sedentary subjects. The authors interpreted this finding as a possible enhancement of pattern separation processes resulting from long-term physical activity and exercise. By the same logic, our results could highlight an enhancement of pattern separation processes for SR relative to OR faces resulting from increased experience with and attention paid to SR individuals. If this is the case, the ORE may emerge in part as a result of altered efficiency for neural pattern separation of faces from distinct race groups.
Characterizing the ORE in terms of mnemonic in addition to perceptual and attentional mechanisms paves the way for a more inclusive neurobiological approach to uncovering the neural basis of the ORE. The majority of neuroimaging studies of the ORE focus on visual processing regions alone -specifically the fusiform face area (fusiform gyrus) of the inferior temporal cortex. However, while the fusiform face area seems greatly involved in differential representations of race [65] [66] [67] [68] [69] , its activity does not sufficiently predict recognition accuracy-the behavioral metric of the ORE. Given the role of assessing the ORE using memory tasks, it is surprising that studies have not explored the involvement of the medial temporal lobe. At the root of this may be a widespread modular perspective on visual and memory processing regions in the brain, where occipito-temporal areas are associated with perception and medial temporal regions with memory. However, there is growing evidence that the functional boundaries of perceptual and mnemonic processes are blurred across anatomical lines, and that regions are recruited based on the complexity of representations and information they contain, which are necessary to complete the task at hand [70] [71] [72] [73] [74] [75] [76] . This 'Representational Hierarchical' 74 perspective is supported by work finding that the perirhinal cortex (a region traditionally involved in memory processing) is integral to facial recognition 70, 75, [77] [78] [79] [80] [81] , and unlike the fusiform face area, is sensitive to facial discrimination accuracy regardless of the perceptual or mnemonic nature of the task 75, 79 . With these results in mind, we propose that regions typically associated with episodic memory, including the hippocampus and rhinal cortex play a role in generating the ORE. Due to the mnemonic discrimination task's tendency to engage the medial temporal cortex, our results here suggest the ORE may be in part facilitated by the different extent to which perirhinal or hippocampal pattern separation mechanisms may be recruited for SR and OR faces. We suggest that future studies focus on the role of the hippocampus and perirhinal cortex in generating the ORE.
In addition to future imaging studies, the current study can inform psychosocial research focused on developing training paradigms to mitigate the ORE. Numerous studies have found that different training paradigms www.nature.com/scientificreports www.nature.com/scientificreports/ can reduce the ORE-at least temporarily 12, 82, 83 . However, improvements are tracked by single measures that are rarely able to capture the pattern of improvement over time. The mnemonic discrimination task offers a suitable alternative paradigm by evaluating performance across a range of stimulus difficulties, in order to observe the more complex underlying structure of the ORE. In practice, AUC differences between SR and OR transfer functions can be compared before and after training exercises. If training is successful, the post-training OR function should approach the SR function, and the AUC differences should approach zero.
There are myriad applications for facial recognition training paradigms and appropriate evaluation metrics. The ORE arises as young as infancy and just like language, is subject to sensitive learning periods [84] [85] [86] [87] . Exposing children to diverse faces as early as possible in their environment or schooling could lead to reduction or elimination of the ORE. In the absence of such experience, it is possible that training paradigms may be regularly employed to reduce the impact of the ORE, especially in situations where the ORE can result in severely negative consequences, e.g. law enforcement.
In conclusion, we developed a mnemonic discrimination paradigm that evaluates the role of memory processes in the ORE. Our findings suggest that the ORE is not a purely perceptual or attentional phenomenon and is exacerbated when faces must be held in memory amidst temporal and visual interference. Our task additionally improves upon standard ORE recognition paradigms by evaluating accuracy as a continuous function rather than a single measure, which offers a richer means by which to quantify the ORE and how it changes with training. These results pave the path to a more detailed neurobiological investigation of the ORE, as well as interventional studies attempting to reduce or eliminate the impact of the ORE.
Methods
participants. This study protocol was approved by the Institutional Review Board (IRB) at the University of California, Irvine, and complies with IRB guidelines and regulations. Participants provided informed consent in accordance with the board and received course credit or monetary compensation. Ninety-nine healthy volunteers (77 Female; 22 Male; mean age of 20.62, SD 2.83) were recruited from the University of California, Irvine community. All participants were between 18 and 36 years of age and were screened for major neurological and psychiatric conditions (exclusionary criteria). These subjects performed a mnemonic discrimination facial recognition task. Seven participants were excluded for missing over 10% of test trials. An additional three participants were excluded due to very poor performance on the task (two or more standard deviations below the group mean), suggesting a lack of engagement or misunderstanding of the instructions. Performance was measures using the sensitivity index, d' , calculated as z(target hit rate) -z(lure false alarm rate). These exclusions resulted in a final sample of 89 subjects (68 Female, 21 Male; mean age 20.63, SD 2.92). These subjects were divided into three groups according to their self-identified race: (75 Asian, 12 Caucasian and 2 Black). Due to the small sample size of non-Asian participants, the analysis presented focuses on Asian subjects' performance for a total sample of 75 subjects between 18 and 36 years of age (57 Female, 18 Male; mean age of 20.47, SD 2.59). Though more females volunteered for this study, there were no gender differences in performance.
To control for perceptual and attentional contributions to the ORE, we also conducted a match-to-sample task in an independent sample that included 34 subjects between the ages of 18 and 31 (26 Female, 8 Male; mean age of 21.62, SD 2.53) who were subjected to the same screening procedures as the experimental subjects above. Again, all subsequent analysis is restricted to the Asian participant data for a total sample of 24 subjects between the ages of 18 to 25 (19 Female, 5 Male; mean age of 21.04, SD 1.85).
Stimuli.
A database of face stimuli was created using FaceGen Modeller 3.5. A set of 272 faces were generated, evenly distributed across gender and two races: Asian and Black. (Caucasian faces were also generated but were not included in the version of the task administered to Asian subjects.) For each race, 88 faces were created using the FaceGen Generate function. Of the 88 faces, 48 were randomly selected as 'parent faces' to serve as templates for 48 face lures. Lures were created by running the Genetic Randomness algorithm on parent faces, to apply normally distributed perturbations with means proportional to an inputted value. Equal numbers of lure stimuli were generated to create four lure bins at 20%, 30%, 40%, and 50% perturbations from parent faces. A 20% perturbation results in a face lure that is highly similar, or nearly identical to the parent face, whereas a 50% perturbation generates a more dissimilar-looking face (Fig. 1) .
Behavioral tasks. The following procedures were designed to present participants with both faces of their own race (SR) and another race (OR). SR and OR designation was assigned using the self-reported race of each subject. In the version of the task discussed here, Asian faces were labeled 'SR' and black faces labeled 'OR' for subsequent analysis.
Mnemonic discrimination task. All experiments were programmed in PsychoPy v1.85.2. Participants performed a blocked task, where each of 8 blocks included an encoding, followed by a test phase (Fig. 1A) . In the encoding phase, subjects were asked to explicitly memorize each of 22 presented faces. Faces were randomized, presented consecutively and evenly divided amongst SR and OR categories. In a following test phase, participants viewed a second series of faces, half of which were identical to the memorized faces. The remaining faces were lures spread across all four bins. Participants were asked to identify which faces were 'Same/ Old' (Target Repeats), and which were 'Different/ New' (Lure Distractors), using corresponding button presses on the keyboard. A response of 'same' to a target repeat indicated successful recognition, while 'different' for a lure distractor indicated successful discrimination, or a correct rejection. In both encoding and test phases, stimuli were presented for 3.0 seconds with a 1.5 s ITI. After completion of 4 blocks, subjects were given a short break.
